The results of precipitation simulation in the Azov-Black Sea region are verified using the observational data from the meteorological stations of the North Eurasia Climate Centre. In particular, the results of global (MERRA) and regional (PRECIS and RegCM) reanalyses are considered. Verification is done in accordance to two criteria: "index of agreement" and "probability of detection". Reliability of the precipitation basic parameters (intensity and frequency) is assessed; the modeled and the measured distribution functions of daily precipitation are compared. It is shown that in all the reanalyses the results of the winter precipitation modeling are in better agreement with the observational data than those resulted from the summer precipitation modeling. In summer, according to certain parameters, the regional reanalyses are in better agreement with the observational data than the global reanalysis. Particular attention is paid to the data obtained at the meteorological station located in the region of complex orography and intensive precipitation (Sochi). It is shown that the winter precipitation in Sochi derived from the regional reanalyses is significantly overestimated, especially as for the extreme precipitation. 
Introduction
Numerical modeling of precipitation is of great practical importance and is widely used in solving such research-applied problems as a forecasting of flush floods, mudflows and floods. Global atmospheric circulation models with the assimilation of observational data (from meteorological stations and satellites) are used for obtaining precipitation climatic fields, as well as other meteorological characteristics. However, due to low spatial resolution these models are not suitable for studying local climatic processes. Regional models allow one to recalculate global modeling results in the limited area to a finer grid with up to several tens of kilometers resolution. Unfortunately, precipitation modeling results not always get better at that. For instance, in [1, 2] it is found out that mean monthly amount of winter precipitation in the northern part of Azov-Black Sea region is significantly overestimated in the RegCM regional model [3] (in comparison with the observational data). In the MERRA reanalysis [4] , obtained by the global model, such discrepancies were not observed. This is related to the fact that precipitation calculation schemes in regional models usually require adaptation to each specific region. In [2] , after a number of numerical experiments the values of empirical coefficients, which were most suitable for the RegCM model when reconstructing the Azov-Black Sea region precipitation, were determined.
It is of interest to compare global and regional models by the accuracy of climatic precipitation field reproduction in the Azov-Black Sea region. In this paper, two regional reanalyses (PRECIS and RegCM) and MERRA reanalysis (obtained by the global model) are considered to identify the main discrepancies between the data of reanalysis and field observations using various quantitative criteria, such as "index of agreement" and "probability of detection".
This study is a continuation of a series of papers [1, 2, 5] . In the first of them RegCM regional reanalysis was compared with the MERRA [4] and ERA-Interim [6] global reanalyses for 1979 -2013 [1] . In the second paper it was drawn a conclusion that for the considered period of 1980 -2013 in the northern part of the Azov-Black Sea region total mean monthly precipitation amount in RegCM model (in comparison with observational data (ECA&D, E-OBS, and NCDC datasets) and the MERRA, ERA-Interim global reanalyses) was underestimated in summer and significantly overestimated in winter [2] . In [5] , the verification of precipitation modeling results by the PRECIS regional model was carried out for relatively short 2000 -2006 period using the satellite data and measurement data from the meteorological stations.
In the above-mentioned studies the verification was carried out either for short period [5] or using the results of global reanalysis as a control dataset [1] . In [1, 2] , when assessing the modeling results, space-averaged mean monthly rainfall, precipitation intensity and frequency were considered. In the given research verification was carried out for a longer period than in [5] , and there were compared two regional models, not one as in [1, 2] .
Significant advantage of the given study is the fact that during the verification a small time scale (equal to one day) was used. It is known that if averaging is performed on large time scales when comparing simulation results with observational data, this masks the imperfection of the model and smoothens the discrepancy between the model and observational data.
In recent times most countries apply categorical verification scheme using contingency tables and calculation of a set of assessments recommended by the World Meteorological Organization (WMO), or are about to shift to it. Thus, this was the topic of the 6 th WMO Verification Methods Workshop that took place in India (Delhi) on March 13 -19, 2014 . Therefore, in this research, in addition to the "index of agreement" numerical criterion applied in [5] , the "probability of detection" categorical criterion (which is one of assessment characteristics of the standardized verification system adopted by WMO [7] ) is used.
Description of the data
The following datasets were applied in the study: -A dataset of North Eurasia Climate Center (NEACC) [8] , containing the data of field observations from 223 meteorological stations located in the territory of CIS. Time series related to different meteorological stations cover different periods, but they all end in 2006. Further the NEACC dataset will be used for verification of the MERRA, PRECIS and RegCM reanalyses. In the Annex 1 the names and geographical coordinates of 24 meteorological stations situated in the Azov-Black Sea region (39 -50° N, 25 -45° E) are listed, and relative number of days missed over the considered period is given. Although the proportion of missed days at some meteorological stations reaches 50%, the NEACC dataset is preferable to the ECA&D one [9] , which was used for verification in our previous study [2] .
There are less missed days in ECA&D, but daily precipitation amount in certain days is incredibly high. Unreliable values were rejected from the NEACC dataset.
-Regional reanalyses the PRECIS [10] with 0.22º resolution for 1990 -2007 and RegCM with 25 km resolution for 1979 -2013. In both regional reanalyses initial and boundary conditions were specified from the global the ERA-Interim reanalysis during the modeling.
-the MERRA reanalysis, which is a result of global modeling with satellite data and contact observation data assimilation. Its spatial resolution is ½ × ⅔° and it covers the period from 1979 to the present time. Its resolution (~40 × 70 km) is lower than in regional reanalyses but the MERRA forecast system has an additional factor that improves the quality of the modeling: the assimilation of cumulus clouds satellite observations.
For the NEACC dataset, as well as for the MERRA and RegCM reanalyses, all the characteristics were calculated over 1980 -2006, and for the PRECIS reanalysis -over 1990 -2006.
Verification methods and precipitation characteristics
Verification of models was carried out using different numerical measures calculated by the observational data (obtained at meteorological stations) and on the basis of model data in the closest grid node. As grid nodes do not coincide with positions of meteorological stations, this leads to certain errors in assessment criteria calculation. Different methods of interpolation are used for overcoming these difficulties. However, due to the extremely high spatial variability of the precipitation field (particularly of shower-type precipitation) such methods are unproductive. Another way to solve this problem consists in improving the spatial resolution of climate models. As mentioned above, resolution of regional models reaches 25 km in this study. This fact reduces the discrepancy between the coordinates of meteorological station under consideration and the nearest grid node. It is clear that this does not completely eliminate the error in assessment criteria, but it is difficult to propose an alternative.
When verifying the reanalyses, such values as precipitation intensity (prave) and frequency (freq) were calculated. Precipitation intensity means daily average precipitation amount on wet days. Frequency is defined as a ratio of number of wet days to the total number of the days. The day is considered to be rainy if the daily precipitation amount pr exceeds the threshold value prmin. The selection of prmin value plays an important role in frequency calculation due to the fact that small pr values are not recorded at meteorological stations and even small daily precipitation amount are reproduced in the models. This can significantly increase the number of wet days. In [5] it is revealed that the most suitable prmin value for the Azov-Black Sea region is 1 mm. Therefore, during the calculation of prave and freq only those days when daily precipitation amount exceeded 1 mm were taken into account.
To assess how successfully reanalysis predicted the presence of precipitation, "probability of detection" criterion (POD) [11] was applied. It is determined by the formula
where N11 is a number of days when precipitation took place both by reanalysis data and observational data; N is total amount of days over the period under consideration. The range of POD value variation is from 0 to 1 (in case of an ideal forecast).
To assess the forecast quality, "index of agreement" criterion (d) is used:
where Oi is the observed value; Pi is the forecasted value;
 are the deviations from the observed mean [12] . In our case Oi is daily precipitation amount registered on the i th day at the considered meteorological station, and Pi is reanalysis data for the same day at the closest computational grid node. It is necessary to emphasize that ' i P is a forecasted value deviation from the average observed value, not from the average forecasted one. Like frequency, the index of agreement depends on prmin, but this dependence is weak. With an increase of prmin by an order of magnitude, from 0.1 to 1 mm, the frequency averaged over the stations decrease by 30 -80 %, and the index of agreement -only by 2 -9 %. Further, when calculating d (and also O with respect to which ' i P and i O were calculated) only those days in which the values of both Oi, and Pi were greater than prmin (equal to 1 mm) were taken into account.
In the present paper the distribution functions of daily precipitation amount were also considered. It is known that cumulative distribution function of precipitation amount can be described by gamma distribution with a high degree of accuracy:
where pr is daily precipitation amount in wet days; ) Γ(α is a gamma function which is equal by a definition to
, α is called a shape parameter, β -a scale parameter. To assess α and β gamma distribution parameters, a method of moments [13] was applied.
In addition to the theoretical distribution function determined by expression (3), we constructed the statistical distribution function
where Npr is a number of days in which precipitation amount was less than pr. As the expression (3) describes the distribution of a random variable, which is strictly positive (i.e. it can not take the value equal to zero), only the days when the precipitation fell were considered in calculating the statistical function F * (pr). When constructing the distribution function F * (pr), 0.1 mm interval was selected (the maximum resolution of the rain gauge).
Results and discussion
The intensity of winter and summer precipitation at different meteorological stations is given in Fig. 1 . In winter relative error in prave calculation at certain meteorological stations can reach 50 % but in general the data of the reanalyses corresponds well with the observational data. Relative error averaged over all stations makes up ~10, 15 and 20 % for the RegCM, PRECIS and MERRA reanalyses, respectively. At most meteorological stations prave is underestimated. In summer precipitation intensity at almost all meteorological stations is underestimated by 30 -45 %, and the coefficients of correlation between prave and the relative error make up 0.7 -0.8, i.e. the larger is the measured summer precipitation intensity, the greater is the relative underestimation of this value in the reanalyses. It should also be noted that according to [2] , in the northern part of the AzovBlack Sea region (24 -48° E, 47 -54° N) space-averaged precipitation intensity in the RegCM reanalysis is overestimated in comparison with the MERRA. This is confirmed by Fig. 1 : at all the stations situated to the north of 47° N prave values are greater in the RegCM reanalysis than in the MERRA one.
Precipitation frequency is overestimated in all the reanalyses, especially in summer (Fig. 2) . In winter the MERRA reanalysis is the best in forecasting the presence of precipitation, the RegCM one is the worst. For the summer precipitation the opposite situation is observed: precipitation frequency calculated by RegCM is the best in corresponding with the observational data and the frequency calculated by MERRA is the worst. This is consistent with the conclusion drawn in [2] : in the northern part of Azov-Black Sea region winter precipitation frequency in the RegCM reanalysis is overestimated (in comparison with the MERRA) and summer precipitation frequency is underestimated. As it was mentioned above, precipitation frequency and probability of detection strongly depend on prmin threshold value for the determination of wet days. However, if to double prmin threshold value from 1 to 2 mm, the conclusion on the fact that precipitation frequency in the reanalyses is overestimated will not change. Now we are to consider total amount of precipitation, which is equal to the product of intensity by the frequency (prave·freq). Here the following discrepancies between the reanalysis data and observational one are revealed: -In the RegCM reanalysis total amount of winter precipitation is highly overestimated at almost all the meteorological stations. This is consistent with the conclusions of [1, 2] . According to [1] , overestimation of prave·freq is mainly related to the overestimation of precipitation intensity. But it should be pointed out that in [1] the data of the ERA-Interim global reanalysis was applied for the RegCM regional reanalysis verification. If the data of contact observations is used for verification (as in the given study), it turns out that overestimation of prave·freq is due to the frequency overestimation (Fig. 2, a) .
-In the PRECIS reanalysis total amount of summer precipitation is generally underestimated which is related to underestimation of its intensity.
In other cases total precipitation amount averaged over the stations corresponds with observational data well.
The main conclusion is the following: in all the reanalyses, when reconstructing the summer convective precipitation, the amount of wet days (when pr > 1 mm) is, in general, more than according to the measurement data, and the daily average amount of precipitation falling in these days is less, i.e. the reproduction of summer precipitation needs to be improved. It is obvious from Fig. 3 that according to "index of agreement" criterion in all the reanalyses winter precipitation is forecasted better than the summer one. In winter the value d (averaged over the stations) makes up 0.66 for the MERRA reanalysis, 0.61 for the PRECIS and 0.47 for the RegCM reanalysis; in summer -0.47, 0.41 and 0.36 for the MERRA, PRECIS and RegCM reanalysis, respectively. The global reanalysis forecasts precipitation better than the regional ones: at the vast majority of meteorological stations index of agreement in MERRA is higher than in the PRECIS and RegCM. It should be pointed out that in winter index of agreement in the RegCM reanalysis is noticeably smaller than in MERRA and PRECIS (Fig. 3, a) . Apparently, this can be explained by the fact that, as mentioned above, the frequency of winter precipitation in RegCM (Fig. 2, a) is overestimated. As a result, the predicted mean and the observed mean significantly differ. All the foregoing can be illustrated by presenting the root-mean-square error
form, where DP and DO are dispersions of Pi and
Oi; KPO is a covariance of Pi and Oi; P is the mean of the model-predicted variable. Now we are to consider pr time series in detail without dividing into summer and winter precipitation. Daily average amount of precipitation which fell in those days when the measured pr value was within the specified range is represented in Table 1 . As is obvious from Fig. 1 , daily precipitation amount in all reanalyses is, on average, overestimated in those days when pr is below 2.5 mm (lines 1 -5) and underestimated when pr is above 4 mm (lines 9, 10). Thus, the smoothing of pr temporal distribution is characteristic of all the reanalyses: if (according to the measurements) the amount of fallen precipitation was less than a certain threshold value on any given day, then on the same day in the reanalyses pr value is most likely to be overestimated, and vice versa. The mentioned threshold value falls within 2 -2.5 mm range for the global reanalysis and 3.5 -4.5 mm range for the regional reanalyses. It is interesting to point out that a similar phenomenon (but for the spatial distribution of daily precipitation amount only) was found in [14] when verifying other regional model RAMS (Regional Atmospheric Modeling System). The number of meteorological stations, the data of which was used by the author of study [14] , was 5 times greater than the one in the given paper. But the author of [14] considered the modeling results for one day only, i.e. the model ability to forecast correctly a daily amount of precipitation fallen on a certain day over a large area was tested. According to his conclusions, RAMS model overestimated the daily precipitation amount at those stations where a small amount of precipitation fell, and vice versa.
T a b l e 1 It is obvious from Fig. 4 that in PRECIS and RegCM regional reanalyses the probability of detection of winter precipitation is higher than of the summer ones. In MERRA global reanalysis on the contrary: in winter POD is mainly smaller than in summer. The case is, as mentioned above, that the frequency of summer precipitation in MERRA is strongly overestimated and the more wet days are in the reanalysis, the more is a probability of event N11 (see Formula 1). It is determined that there is a linear relationship between the precipitation frequency and probability of detection: correlation coefficients between freq and POD for all the reanalyses make up 0.7 -0.9. Now we are to consider the distribution functions of daily precipitation amount. Distribution functions calculated for winter and summer periods (using the relation (4)) and averaged over the number of meteorological stations are shown in Fig. 5 . As is obvious from the figure, in winter the discrepancies between the measured and simulated values of F * (pr) function are significantly smaller than in summer. In winter root-mean-square error (which is a measure of discrepancy) is 2 -3 times smaller than in summer. The distribution function values constructed according to RegCM reanalysis correlate best with the observational data.
Daily mean precipitation amount averaged over the stations on days when pr (according to observational data) is within the given range
One of rather informative characteristics of the distribution functions is the 95 th percentile (P95). The calculations reveal the fact that in winter P95 model values fit within 5 -15 mm range at almost all the stations and correlate with observational data well. Significant discrepancies are observed only at the Caucasus coast, at the stations No. 20 and 21 situated in Sochi and Samtredia. In summer all the reanalyses are characterized by an underestimation of the 95 th percentile in comparison with the observational data. Thus, the aforementioned conclusion on the fact that summer extreme precipitation is underestimated in the reanalyses is confirmed. In view of interest to extreme precipitation we are to consider in more detail the data relating to Sochi where, according to NEACC data, precipitation intensity is the highest: 13 mm in winter and 18 mm in summer (see Fig. 1 ). First of all, it should be pointed out that the precipitation regime in Sochi is not typical for the coast of the mid-latitudes. Usually, in the seaside localities a bimodal annual course of precipitation with two maxima -summer and winter [15, 16] is observed. This can be observed, for instance, at the coastal stations in the Crimea (stations No. 8, 9 in Fig. 1 ). However, in Sochi a significant role in precipitation formation is played by an orography of the surrounding area, and the proximity of mountains is more important factor than the proximity of the sea. In the cold season Mediterranean cyclones that come from the West/South-West meet the Caucasian ridge on their way, and as a result of rise of warm and humid air masses precipitation falls on the windward slopes of the mountains. Therefore, the total amount of precipitation in Sochi in winter is 1.6 -1.8 times greater than in summer. So, the annual course of precipitation has a well-defined winter maximum. In summer the formation of cloudiness and precipitation is mainly due to the development of strong convection, therefore in summer the precipitation intensity and the 95 th percentile are greater than in winter. P95 makes up 40 and 64 mm for winter and summer, respectively.
Gamma distribution of the function F(pr) fitted to the observational data is denoted by a solid curve in Fig. 6 . A double logarithm of distribution function is plotted on a horizontal axis, daily precipitation amount (mm) -on a vertical axis. In Fig. 6 vertical line denotes the expected period that is equal to one year. The extreme precipitations (i.e. the amounts of precipitation that fall, on average, not more than 1 time per year) are situated to the right of the vertical line in Fig. 6 . According to Fig. 6 , the forecasting of greater amount of precipitation (in comparison with MERRA) is characteristic of PRECIS and RegCM, and for the extreme precipitation the excess can reach 60 mm. This is primarily due to the use of more coarse spatial resolution (the area of computational grid cell in MERRA is about 4.5 times bigger than in RegCM and PRECIS) in the global reanalysis at which small-scale orographic heterogeneities of Caucasian coastal area are not taken into account. As a consequence, in comparison with the global model the values of the distribution function constructed according to regional models correlate with the observational data better (Fig. 6) .
In winter precipitation amount in the regional models is strongly overestimated in comparison with the observation, whereas extreme precipitation amount in the regional reanalyses is 20 -40 mm greater than according to measurement data (Fig. 6, a) . This can be explained in the following way. Winter precipitation in the region of Sochi has mainly orographic origin: it appears due to the fact that the Mediterranean cyclones meet the Caucasus Mountains on their way. In the regional models coastal mountains overlap the sea, i.e. a non-zero height above the sea level is attributed to the "marine" points of computational grid located near the coast. This helps to avoid great differences in terrain altitude at the sea -land boundary and to provide numerical stability of the modeling. In this regard, the model height of terrain in the coastal area is, on average, 150 -250 m higher than in reality. This results in the increase of forecasted precipitation amount on the windward slopes when humid air masses get over the orographic obstacle. In the global reanalysis winter precipitation amount is smaller than according to observational data as the height of the Caucasus Mountain Range is strongly underestimated in the model.
In summer (Fig. 6, b) precipitation amount is underestimated in both global and regional models in comparison with the observational data, although in RegCM and PRECIS this underestimation is not as significant as in MERRA. Apparently, the cause of the underestimation is that the spatial resolution of the models is not sufficient for resolving an explicit convection and convective precipitation parameterization schemes applied in the models require improvement.
Conclusion
In general, the results of precipitation modeling in winter are in better agreement with observational data than in summer, as summer precipitation occurs mainly as a result of convection, and the horizontal scale of cumulus clouds is somewhat less than the spatial resolution of the reanalyses. The discrepancies between the modeling results and observational data are related mainly to the precipitation intensity underestimation and precipitation frequency overestimation. In summer the greatest intensity underestimation is characteristic of MERRA reanalysis and the smallest -of RegCM reanalysis. The most overestimated winter precipitation frequency is in RegCM reanalysis and it leads to the significant overestimation of total precipitation amount. In summer the most overestimated frequency is in MERRA reanalysis. In winter the forecasted precipitation distribution by the intensity in regional models correlates well with the actual one. Numerical indices are quite high according to both index of agreement and probability of detection. In summer the values of precipitation distribution function in all the models are strongly underestimated in comparison with the observational data.
It should be pointed out that all the reanalyses smooth the temporal precipitation distribution: in those days when less than 2 mm of precipitation fell, pr is usually overestimated in the models, and in those days when more than 4 mm of precipitation fell it is underestimated.
Statistical distribution functions of daily precipitation amount constructed by the RegCM and PRECIS regional reanalyses correlate better with the observational data in comparison with MERRA global reanalysis. It is true both for distribution functions averaged over the number of meteorological stations and for a single meteorological station. As an example, a station located in a region with complex orography and intensive precipitation (Sochi) is considered. It is found that in winter in Sochi the precipitation amount in the regional reanalyses is strongly overestimated in comparison with the observational data, especially for extreme precipitations. It is concluded that this overestimation may be related to the features of terrain representation in RegCM and PRECIS. Fine spatial resolution in the regional models provides the representation of high mountains but this may result in the higher terrain altitude gradients if the mountains are situated near the sea -land boundary. An overestimated terrain height is attributed to computational grid points located in foothill region for providing numerical sustainability during the modeling. There is no need to use it in the global models as the mountain height is strongly smoothed due to rough spatial resolution.
Verification results of the reanalyses (considered in the paper) on the amount and the mere fact of precipitation event give us a reason to expect that in winter model precipitation of the RegCM and PRECIS reanalyses can be applied as an alternative to the observations in those regions where meteorological stations are absent, particularly in the water area of the Black Sea and the Sea of Azov.
